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MEDEA
ABSTRACT
EFFECTS OF VARIATIONS IN AMBIENT
TEMPERATURE ON CERTAIN MEASURES OF
TRACKING SKILL AND SENSORY SENSITIVITY
- OBJECT - ’

The present study was designed to obtain information ragavding the
effects of ambient temperatures ranging from -10° te +40° C o2 5 Jifferent
ineasures of human performance: skill in using movernent and pressure
tracking controls, tactile and kinesthetic sensitivity, and strength of haad
grip. The 2 types of tracking controls have wide military and industrial
applications and the other 3 performances are basic to the operation of
a great number of machine systems, '

RESULTS

Kinesthetic sensitivity and pressure tracking were significantly im-
paired at the low end of the ambient temperature range, while tactile
sensitivity, hand grip and movement tracking showed decrements at botbh,
ends, impairment being greater at the 16w than at the high, These re-
lations betweun ambient temperature and periormance were dependent
upon the length of exposure tothe experimentaitemperatures, The charac-
teristics of recovery following exposure difiered among the measures
taken, tactile sensitivity, which was affected after relatively short ex«
posures, recovering very rapidly,

CONCLUSIONS

Signs of impairment in human performance may appear when am-
bient temperature varies cutside rather narrow limits. Characteristics
of this impairment differ in diiferent types of performance, Different sense
modalities are differentially sensitive to temperature variations in terms of
the durations of exposure necessary to produce signs of impairment and
in terms of the characteristics of their recovery following exposure,

The results have provided informaticn whica cau be of value in the
design of machines and equipment to maximize the efficiency with which -
man-machine systems can function under adverse temperature conditions,
They have indicated that som= control and display systems may be used
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more efficiently than cthers under extreme temperature cunditions and
have suygested ways in which different approaches to maintaining ade-
quate levels to temperatire, e.g., protective clothing, heating the work
space, locally heating control surfaces, may be tested,

RECOMMENDATIONS

Results of this study suggest 2 main recommendations:

1. Information of the kind obtained during the research should
be made available for the design of methods to minimize the adverse
effects of environmeml ‘conditions on humasa performance,

2. Further s systematic investigations should be conducted to add to
this body of information. Such investigations should be designed to dé-
vermine relations between environmental conditions and performance, :
.including ranges cver which efficient performance can be expectad; to :
study the effects of duration of exposure on performanca; and to observe
the characteristics of recovery [rom exposure, The environmental
variables investigated should include huwmidity, air velocity and radiation
as well as ambient temperature, and pacticular attention should be given
to the efiects of interactions between these variables, The performance
studied should be representative of the wide variety of skills required
of military personnel and emphasis should be placed on perceptual as
well as motor aspects of performances,
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EFFECTS OF YARIATiCAS IN AMBIENT
TEMPERATURE ON CERTAIN MEASURES OF
TRACKING SKILL AND SENSORY SENSITIVITY

1. INTRODUCTION

One prominem feature in the h:iotory of modera military operations
is the increasing dependency of success 1pon the efficiency of man-
machine systems. More and more it has come to be recognized that
man's limitations may set the pace for the efficiercy ‘of sach systemns
and that it is vita' to know the nature of these limitatitns, It is now well
xnown that man-machine combinations opirate in environments containing
a cumber of factors whick may seriously affect maxn's, performance s
thus the efﬁcuuq of an entire system. The present/research is con-
cernes pr.marily with one of these tuw. £, the temperuure of the ex~
‘ternal environment,

information already available establiskes the fact that the eﬂmxency
of performing a2 wide variety of skills may be affected adversely by ev
_small changes in ambient temperature above or below the range to wiech
man is accustomed, Sach impairment of performance constitutes a
particularly serious problem in plmmg and executing military oper-
ations under the extreme temperature conditions of the tropics on the
one hand and :he sub~arctic on the other, F.ven at temperatures well
within these extremes the problem may still be a serious cae. During
the winter of 1950.5] the United States Forces in Korea had as many as
‘6, 000 cold injury cagualties (1). It can be expocted that the efficiency
of performing many skills was adveuely affected long betete the symptoms
of injury appear.

It is certain that information regaraing effects of variations ic ea-
viroamental temperatures on the performance of skills could be put to
practical uses, as well as add to our knowiedge of human bebavior.
Such information could be considered in the design of machines acd
equipment 80 as to maximize the efficiency with which they cas be used
under extreme atmoupheric conditions. it could enter as 2 factor i
the planning and execution of military operations, he success of which
depend upon the efficiency of man's performance. It could be imporfeunt
in deciding on methois of training and of acclimatizing military percianel
for duty in theatres of operation characterrzed by consistently sxtrewvne
tomperatures or by wide fluctnatior.s in temperature.

lReferred to as "ambient' temperature.
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It is apparent {from research information aiready availablie that the
axternal environment may exert its influences in a number of different
ways, It may affect an individual's capacity to deal with the incoming.
sensory data upon which performance of a skill depends and it may
interfere with the way in which he responds to these data. The present
study wav designed to obtain information regarding the effects of ambient
temperatures ranging from «10° to + 40° C on five different measures
of human parformance, Two of these involved the measurement of tactile
and kinesthetic sensitivity, sense modalities playing basic roles in many
of the skills which military personnel are required to perform. The
third was a measure related to good manual dexterity and accurate tinger
movermnents. The last two were measures of skill in using two types of
- machine controls, movement and pressure, both of which have -wide
military and industrial applications,

Thers ware asveral n‘mior quastimw which the research sot out to
answer, What is the ambient temperature range over which efficient
perfcrmance ié maintalied 7 Are difforent measuies of behavior affected
differently ? ‘What are the effacts on performance of increasing durations
of exposure to a particular ambient temperature? What are the charac-
teristics of recovery from exposure to diffurent ambient temperatures?
How is skin temperature relatad to pmbient temperature and to the various
measures of performance? The results of the investigation have provided
information which answers these questions, within, of course, the limits
" of the research design, In addition several other points Have arisen,
However, before discussing any details it will be well to examine the
general background af the present study and to hecome familiar with tha
work of other investigators, ‘

O, THE GENERAL BACKGROUND OF THE PRESENT RESEARCH

Interest in tiie effects of atmospheric temperature on man's per-
formance has a long past (5), but systematic research into the nature B
of these effects has only a short history, This history began with in~ .
dustrial field research conducted early in the present century when
relations between variations in temperaturs of the work environment
and variations in periormance on the job were studied, Distinct leanor--‘
variations were reported in the output of workers engaged in a humber of
tasks requiring different kinds of skills (15, 54, 57). Hourly output war
found to decrease as the weather grew warme», Cenerally, summer
output was lowest, then spring and autumn output, with winter highest,

In other industries where atmouspheric conditions varied from sitas to
site during all times of the year wide differences in pertormance also
were recorded. For example, in a group of collieries (55, 56},
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working capacity could be measured in terms of rest pauses taken from
work and time to fill the standard'tubs and trains, Temperatures in

the hottest places varied only sligatly more than 20° F from temperatures
in the coolest places, yat outpit was calculated to be 41% less in the
former than in the latter. In other words, working efficiancy was only
59% as high in the hot environment as it was in the cold, lu anothur

fleld study (60}, this time concerned with the' efficiency of fine linen
weaving, similar trends were found, It was possible to observe vari-
ations in performmce as temperature changed with relative humidity
practically constant, The results showed that productive efficiency
improved as temperature increased up to 73° 'F, beyond which efficiency
deteriorated, In this instance, even though the machine aspects of the
process would have benefited from still higher temperatures; the effects
of temperature on man's performance were the lirmniting conditions tor.
the overall sificisncy of the system; Thesc and a number of similar
studies cailad attantion ia a vary atriking Wiy to the important effecty
which man's atmospheric environment may have upon the ef. iency with
which he periorms a wids variety of Industrial skills,

Much more recsantly, problems of this same general nature have been
the subjects of {inld investigations carried out in miiitary settings, _
Mazked decreases in the sensitivities of certain sensory systems on ax-~ -
posure to cold have been demonstrated (32) and effects of cold acclima-
tization on sensitivity have been studied (31), Deterioration in several
types of skill performance during exposure to hot eavironments has bean
noted (30, 3), Observers (36) have reported that '"psychophysioiogical
factors seemed to limit endurance...." of task forcas opersting in arctic

conditions,

These field studies, bioth industrial and mmury. are very snggeatin
of answers to some of the questions in which we are at present intereated.

- ‘Howevar, the field approach has serious disadvantages which researchk

workers using it have recognised {nr a long time, The nature of the

field mituation {requently do.s not allow for ths level of control necessary.
to sort out the relative contributions of a numbe- of variables, any oz )
all of which may be influencing performance, It is for this guneral reason
that research workers are tonding to scek their answers more frequently
in the laboratury than in the field, Problems which were noticed fisst

in man's working environment may be exarnined in the laboratory and
posaible solutions fi:ially tested in the fisld, The background against
which the prr scut research must be viewed consists of information
provided by both field and laboratory studies.. When this info.mation is

“exarnined, eight main problems are readily recognized,




A, Variations in Temperature Effects

As bas been psinted out already, there is ample svidence to
estabiish as a fact the observation that the performance e human skills
may be affected significantly by variations in ambient temperature,

This evidence also indicates.that tamperature effecte on performance
vary with different skills, The performance ¢f some skille is extremely
sensitive tu variations in ambient temperaty e, but other skills may be
only slightly affected, if at all, over fairly wide ranges of temperature,

The majority of research studies have beon concerned with.
temperature effects on the parfarmance of skills which emphasise some
form of physical work ranging {rom manual dexterity to moving heavy
loads, These studies (e.g,, 2, 3, 6, 12, 14, 30, 34, 35, 45, 48, 53)
atr'y consistént in showing that variations in ambient temperature ars
argociated with decraments in performance, bui they also suggest that
certain types 7 performance may be mors ssnsitive to tamperasture
effects than are others, For inatance, in one study (19) sxposure to
cold did not alter reaction tims to visual stimul?!, but markedly diminished
finger dexterity, The work of Gibbs (17), Huntsr, Kerr, and Whillans
{22), Mackworth (32), and other investigators is leading to a barter
understanding of these selective temperaturs effects in térma of the
bodily mechanisms upon which differant types of performance depend,

Similar variations in temperature affects have been abserved in
studies of performance smphasising perception and "maental work."
For instance, a study {3) of the sffects of lsat stress on the performance
of a task involving "anticipatory perception and judgment'' reported that
no important effect due to heat level could be observed. On the othe:x
hand, anothsr study (30) demonstrated a significant deterioration in
performance as measured by an increase of errors in a coding task when
the effective temperature was raised to similar levals,

B, Temperature Effects on Comiponents of a Skill

It is not always the entire psrformance of a task that deterio~
rates under adverse environmental conditions; particular components
of a skill may be affected first, Recent research (9, 10) has illustrated
what may happen in this regard, Whan exposed to heat, subjects, who
were required to respond to a number of signals spread out in their
visual flelds, tended to mias signals particularly at points well away
from the central task upon which they were concentrating their attention,
The investigator has described this as ".,. a tendency for the field of
awareness tc be funnelled toward the centre,,,," a tendency which
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increased with the length of exposure to heat, Such differential effects
of adverse ¢nvironmental conditions are of considerable importance in
military operations and deserve much more systematic study than they
have so far received,

C. Temperature Range of Efficient Performance

One of the early field investigations (60) reported that productive
efficiency increased with increasing temperature up to a certain point
beyond which it decreased. Evidence of this kind presents us with the
important problem of determiniag the optimal ranges in atmospheric
conditions for efficient performance,

The results of early laboratory studies suggested that, even
within very lmiled Fanges of arrbient temperature change, work done
snd time taken to perform different tasks varied as temperature varied,
For example, In one étudy (39) subjecis engaged in heavy lifiing tasks
did 15% lasa work at 752 ¥ than at 68° F. . In another study {48)-involving
skill 1n making continuous adjustinents of a control mechanism, accuracy
deteriorated significantly with variations of temperature 5° F above or
below the temperature to which thd subjects were acclimatized, Evi-
dence of these kinds indicatés that, for some types of performance at
least, the optimal temperature range may be very narrow,

A number of studies have demonstrated how the limiis of this
optimal periormance range may be determined, One of the first experi-
mants (27), designed with the precision required to define such limits
with confidence, was concerned with the effects of heat on the performance
of wireless operatnrs,. Hot and moist atmospheres were shown to im-
pair seriously the accuracy of wireless telegraphy reception, Impair-
ment {irst appeared when trained and acclimatized subjects were ex -
posed to a temperature of 87,57 F on the effective temperature scale,

As was the case in this study, the experiments so far reported have,

on the whole, heen designed to yield information about one end of the
optimul psriormance range only, To determine the extent of the range
as a whole a research design such as that used in one of the Quarter-
master Climatic Research Laboratory studies (52) has advantages. In
this study the effects of temperatures ranging from 50° to 100° F on
performance of a visual-motor coordination task were determined,
Graphs of performance showed that the optimum temperature was
approximately 70° F and that performance fell aif in temperatures higher
and lower than optimum, with cold resulting in more rapid deterioration
of performance than heat,
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If our knowledge regarding temperature ranges for optimum
performance is 10 be made more complete and uvsable, attentior must
be given to research of this kind, The impoi1tance of determining the
temnpérature ranges over which efficient performance can be expecind
is clearly indicated in a report of research carried on at the Armored
aiedical Research Laboratory (19). 'This report includes the following
statement: ''The last temperature (-20° F' with zero wind velocity) was
selected because it was considered to be the lowest temperature at
which both the personnel and the vehicular equipment of the Armored
Command would be able to functic;i without the occurrence of serious
breakdowns," :

D. Relation vf Level of Skill to Temperature Effects

There is evidence that the subject!s level of skill at a-task i»
related to the effects which variations in ambient temperaturs may have
upon his performance, Some laboratory studies (27) have indicated that
the accuracy of those subjects most proficient im their skills withatood
thu deleterious effects of high temperaturea maore easily than the ac-
curicy of lsss skilled subjects, Other studies {30) have reported that,
when the amount of work done is the criterion of efficiency and .utpwt
is not restricted in some way, it is the performance of ths best workers
that deteriorates most, Thit evidence has been interpreted (30) as in-
dicating that ambient temperature effects are most pronounced when an
individual is performing at full capacity, either by working hard at a
task calling for physical effort usy by trying with limited success to
perform a task requiring a high level of skill,

E, Relation of Incentive Levels to Temperature Effects

When exposed to environmental stresses mau may still main-
tain his efficiency of performance, at least for a time, by putting more
effort intp his work, Recently stwlies (28, 46, 47) of the effects of in-
centives un performance under adverse icmperature conditions have
provided some interesting information in this regard. The results cf
the reseiirch showed that differences in temperaiure produced changes
in accuracy of performance regardless nf the level of incentive, How-
ever, all performance with high incentives was superior to performarce
with low incentives, even when the latter were operating under the most.
favorable temperature conditions, One investigator (46) has reported
that the ', ,, standard of performances with low incentives in this
favorable climate could thus be maintzined in the les: ‘avorable climates
by an increase in the incentives." -




F, Acclimatization

.. Considerable attention has been given to the study of physiological
changes characteristic of acclimatization in hot and cold climates, Some
of the research reported has implicutions {for the relation acclimatization
may have to temparature effects on performance, In one study (48), ’

" referred to earlier, the investigator reporied that his subjects "'.,,per-

formaead light ekilled tasks most efficiently with a narrow temperature
range similar to that of the seasonal and dlurnal variations in tempera-
ture,,.' to which they bad become accliznatized. Such observations as
these suggest that the temperature range for optimum performance is
not absolute but, -rather, varies with the process of acclimatization,

The efficisncy of skilled performance deperds upon information

' recalved by way of the various sense orgsas, Research bas shown that

variations in ambient tammnerature may affoct tha imitinty of veree
organs, thus influencing performaance., Some of the sense organs involvad
in tha mulditude of sleills requirizs mamugl dextérily and coofdinsiion are
Incated in the skin of the hands, Field observaiican {£], £2) ia cold aa-
viroaments have iadicated that ",,. Acclimatized people seem to kaep
their ekin warm," Puare-bred Eskiznos bave warmer finger tempera-

ture than white men during the initisl stages of exposurs 0 extreme

coid (36), Differences between ac:limatised and non-acclimatized
subjects in tactile sensitivity have been demonstrated in the field (31).
This evidence is strengthened by recent research (33) showing increasas
in tactile sensitivity atcompanying acclizmatisation induced urder con-
ttoued conditions in the laboratory.

The importance of maxipnum efficiency ia performance for -
rmliu.ry success places a premium on knowledge regarding acclimati-
zation, Information about methods of maximiging acclimatization and
about time required to acclimatize could be useful ir. pianning operations
requiring the shifting oi {roops from one tsmperasture zone to another,

G. Basis of Temperature Effects on Parformance

The picture which has been painted ir the preceding paragraphs
would not be complete without an examination of tho basis upoa which
ambient t»mperature exsrts its effects co perforrmance. This basis
need not be a single one; logicaily it might involve peripherul sensory
or motor changes, central perceptusl changes, or some combination of
these. Although the research literature provides evidénce of recent
interest in this type of psychophysioiogical problem, relatively little
information is yet available,
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The most ez tensive attack so far on this general area of problems
has invelved both field and laboratory studies (31, 33), It has demon-
strated that tactile sensitivity, as measured by two-point discrimination,
and vibratory senaitivity decreas? as a result of exposure to low temper-
atures, the lowsr the termnperaturs the greater the decrease, These re-
suits have been substantiated by other investigators, One attempt (35)
has Heen made to determine whether or not kinesthetic sensitivity is
similarly affected; the negative rasuits obtained may well be attribuied
to the method used to measurs sensitivity,

The possibility that changes at a peripheral response level
with variatiors in temperature may coatributs to decrements in per-
formance has received some support, Laboratory testc have shown that
muscls and joiut temperatures fall on exposure to low ambient tampar-
sturss. It might be éxpicted that such drops in temperature would im-
pair txs normal functicalng of muscles and joluts and be refiected in the
performance of various skills, Strength of hand grip is knswn to de-
crease when the hand {s cooled (19). It has also bsen shown that the
maximun speed of flexing the index fingsr Gwcroawss signiflcantly affer
exposure to cold (22). Experiments (22) with the viscosity of synovial
fluids bas led to the conclusion that "the characteristics of synovial

fluids are sufficient to account for increased forces requirerd to move a
jcint, for loss in speed of movement and decrement in maximum strength
exerted on exposure to cold,"

Descriptions of human bshavior in the tropics and the sub-arctic
frequently imply that impairment of performance is due to central motiva-
tional and percaptual states. Until very recently this possibility had
stimulated no systematic ressarch, In 1954 reports of experiments on
the restriction of the visual field in hot and hurmid environments (9, 10)
-suggested that exposure to high thermal conditians can be associated with -
"... a tendency for the fleld of awareness to be funnelled toward the
center,”" Although these experiments tell us very little about central
states which may vary with ambient temperature and thus influence
efficiency of purformance, they do help to point to a general problam
which warrants mors attention,

H. Use of Protective Clothing

An obvious answer to what can be done to eliminate the adverse
eifects of low ambient temperatures is to use protective clothing, Like
many apparently simple answers to complex queaticas thia answer is
not as satisfactory as it may at first seem to be, For instance,
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investigators at the Armorad Medical Research Laboratory (19) reported
that ''the best glove combinations now available, .. are not zapable of
either keeping the hands warm or maintaining their functional efficiency,"
Rescarch (6) also has shown that the efficiency of such performances as
radar tracking, changing frequency and resuming voice transmission
using standard radio equipment, and the manual operations in completing
a call through a standard gwitchboard, all are lower with protective
clothing than without. The protective clothing may interfere with the
input of sensory informatinn or with the responses required to periorm

a skill efﬁcienﬁy. ..

Researchresults nowavailable suggest that the use of protictive
clothing may impair. the per{ormnnco of certain types of skills, but.may
not affect others (13, 16, 51). Different types f clothing, e.g., mittens
snd glovew, may give dlifersnt amounts of impairment and thess diffar-
encep May show 43 st only sxeremely low emperarores {11}, Particw-
larly useful are researchresults which indicate the sfficiencyof practicing
while clothed in protective equipmem any skills thai may eveniuaily bave
to be carried out under adverse temperature conditions {18),

Examination of research of this kind suggests two general points
worthy of re-emphasis. First, information regarding the nature of
temperature effects on performance may be of considerable value in the
designing and testing of protective clothing, Secondly, at least until
further developments have been made, it is not safe to depend upon pro-
tective clothing as a completaly adequate sclution to the problem of
maintaining efficient performance under adverse temparature conditions,
For those particularly concerned, much practical information has been
assembled in a handbook on ''"Physiology of Heat Regulation and the
Science of Clothing'' (38).

" These are tho problems with which the present ressarch is

conceraned, With the general background in mind we can now proceed

to examine its design and rssults.
IO, RESEARCH DESIGN AND PROCEDURE

A. Research Dom

The main features of the research design are shown in
Table 1, It required twelve groups of subjects, six groups using
movement controls for tracking and six, pressure controls - the
MY and "P" groups, respectively. For each of the M groups,
which were exposed to different temperatures during Phase 4, the

9
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experimental series, there was a cor:sponding P group. With the ex-
ception of these two varijables, ambient temarature and type of track-
ing control, all subjects in all groups received identical treatments
throughout the experiment, This means that, except for tracliing, there
are in efiect six groups, each of 12 subjects, for the assessment of
performance under the six different temperatura conditions, .

TABLE |
RESEARCHK DES IGN
Group 1 2 kl 4 - 5
. General Preliminary Control Expsrimental Hecovery
M1* Tustructions Training Series Saries +40° Serlies
n " . - 0% L
-‘ - - e ¥ Ty }%oﬂ X
3 'K . .y [-] s
WE fe s . -10° s
Pl' Ve LN} ! i ',400 [N
P2 o X LR *:‘;06 e
g:: ) e 'Y} " +2°: )
"t as [ 2 b"o -
Ps e s ) (] e
Ps T o _loo S ae

*'M' groups used movement controls dyring tracking; 'P* groups usad
pressure controls. . - ;

The ambient temperatures of the experimental series for the
six groups in each of the M and P series ranged from -10° to + 40° C
in staps of 10° G, This range was selected for two mmain reasons.
First, the researchwas designed to provide several kinds of information,
one being the temperature range for maximum performance of the be-
havior measured, This required that the range be wide anough to allow
for impairment of performance at both the hot and cold snds, if, indeed,
anch varistians in temmperature were associated with impaivment of the
bohavior studied. Second, it was considered important that the extreme
temperatures should not be such as to cause symptoms of heat pros-
tratior, frostbite, shivering or pain, whirh would only have complicated
later interpretation of the results, Previous research suggested that
the :'~nge chosen should serve both these purposes.

Five dependsnt variables were 1o :asured: Kinesthetit and
taviile sensitivity, hand grip, tracking skill, and skin tomperature,
During Phases 2, 3, 4, and 5 f th~ research design thess various
porformances were always measured in (i order shown in Table 2,
Cine sach series of measurems>n-g will be v="erred to as a "cycle, !

Preiun .. ¢ Leluiag consisted of four cycles and the control, experie
meniat 2. - wnvery seriep of one, four, nd two cycles, respectively.
10
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TABILE 2

ORDER IN WHICH FERFCRMANCES MEASURED - ONE ‘CYCLE
i 2 3 L] $ [ ?

Skin Kioesthetic Tactile  Hond skin.  Treeking Skin
Temperature Sensitivity Sessitivaty Grip Tewporature l,‘s.kglip. Tesperature -

Although the reaearch design was not a complicated one, suc.
cess in carrying it out depended upon the satisfactory use of a number
of techniques for control and measurement, The sectiona which follow
aro devoted to consideration of the essential {eatures of these techuiques,

B. Sub!ectl

Thé 72 subjects participating-in-the main sxperiment were
eallated mon in tHe United Stares Armyy.  All but 8 had eutsrad the
service only shortly bsfore serving as subjects, Table 3 gives infor-
mation regarding their ages, heighia, aid weights, Nimsty-four per
cent of them were right-handed, Throughout the axpariment the subjects
performed all tasks using their preferred hands,

TABE 1
DESCRIPTIVE DATA REGARD ING SUBJECTS
: T Meas, -
Chronelogical Age 21.64 3.4
_Helght [in inchen) €9.85 2.7¢
¥eight (in lbs,) 159,30 24,14

Subjects were selectad from groups of volunteers reporting
daily to the laboratory. For technical reasons, which will be apparent
later, only 2 subjects could be put through the procedure during any
one day, The 72 subjects were divided equally among the 12 groups
required by th.:z research design, They were assigned to particular
groups puraiy on the basis of what experimental conditions had been set
up in the iahorstory for the day on which they reported for we k. This
could not be ucrsidered a random assignment and, since the research.-
design required equated groups if inter-group comparisons were to be
made, it was essential to determine whether or not significant differ-
ences in pre-experimental levels of performance existed among the
various groupa, Table 4 summarizes the results of an analysis of
variance carried out to clarify this important point, using measures
recorded during the control series as indicative of pre-experimental
levels of performance, It will be seen that no significant differences
did appsar and, therefore, inter-group comparisnns are justified,

11
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TABLE 4
ANALYSIS OF VARIANCE OF PERFORMANCE DURING CONTROL 'mms

5% Point for

ﬁ!glgm E "}"’a pi ni “i nof F_
lnnthotgc - in. Error . .

inesthetic - Const, Error 0.27 5.8 2.6
Tactlile 1.9 5.60 2,26
Hand Grip 1.0 5.88 2.36
Truckh:q « Mevemant 1.02 5,30 2.53
Tracking « Presasre 0.84 5.29 2.5

C. Controlling and Vu-yhil Atmospheric Conditions

The research design required means of controlling and varying
systemmatically the external environmental conditions in which perfor-
mance was moasured, as well as techniques for measuring periormance,

g Enviroamental conditions primarily affecting body temparaturs :
ares the temperaiure, humidity and speed of movement of the air, and
radiation frum surrounding surfaces in the anvironment, Tho present :
research was conducted in thres laboratory rooms where these con-
ditions could bs controlled within small limits of variability, Table 5 i
sunmarises measures of temperature and relative humidily taken sys-
tematically during each day's research, Measurus of relative humidity
were obtained {n the customary way with a sling hygrometer, the dry
and wet bulb temperatures being converted to relative humidity using
tables pruovided by Bedford (4), Velocity of the air was sero during all
research pariods, The best that could be done in controlling radiation
was to keep the surrounding surfaces in the environment constant
throughout exparimentation in sach of the three rooms,

BERY

TABLE 5
AMBIENT TBMIEMTUPES AND RELATIVE HUMIDITIES
Coatral Room Experimental Room .
‘l‘onpnutuu % no.l Hunduy %X Tewperaturs C Rel, Humidity %
Groy, 8.D. 8.D. Mean . Mean 8.D.
Ml + P} +24 3! 0.83 55 %o 7.48 +39,5¢ 0.33 29.94 1.8
M2 + P2 424,81 0.2 58.00 5.98 +29.%4 0.20 32.80 1.80
M+ P13 423,48 1.28 §7.3¢8 6.47 +18.50 0,71 47,28 1.69
Mg + F4 122,28 1,16 $9.84 7.88 + 2 . . .
Wt PS +22.72 1.20 54.89 5.10 0,00 - . .
NG + Pg  +22.57 1,18 55.85 5.13 «10.00 - . .

Two of the rooms were provided with temperature controls, _
one for the low and the other for high temperatures, Ex-ert technicians
were responsible for achieving and maintaining the temperatures re -
quired on particular days. Control of humidity, which is particularly
important at high temperatures, was possible in the hot room within
limits imposed by the temperature. The extent of humidity controls
is shown in Table 5. '

12
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Research workers have frequently found it useful to express:
the warmth of the environment in terms of "effective temperature” (4}, -
This measure takes into account ths temperature, huwmidity and rate of
movement of the air. Table 6 presents a comparison between the mean
dry-bulb and effective temperatures in which the fizst three groups of
the research design performed, It will be seen that effective temperature
is consistently lower than dry bulb temperature, For the control room
the differences are of approfimately equal nagnitudes and srazll in all
instances. The differ nces are greator for the experimental room,
but they decrease sy:..matically as temperature decreases and dis-
appear entirely at the lower sxperimental temperatures not included in
the tabls, Dry bulb temperatures will bs used t.hrou;hout the present
paper in reporting relations between ambisnt temparature and other
variables, To use effective tempersturos would only condense slightly

-the high temperaturs -wnd-of these-relations and would not a.l!er their

general form,
TABLL 6: .
EFTECTIVE TENPERATINE *

Dry Buib Effective
Croyps  Comtrol Experimesital Comtrol  Expetimsatal
wmtP 24N BEIRT 1.1 28,44
N2 PR 24.6) 28.54 21.11 23.93
W+ Py 23,48 19,50 . 20,88 16.87

*Dotersinad on the basic scale as described by Bedford (4}
An inter-communication system connacted the contro] and ex-

perimental rooms with another room in which measures of skin temper-
ature were recorded, Through this system the experimenters dealing
diractly with tke subjects reported the atart and compietion of each
measurement of performance and any observaticus of the subjacts?
general behavior which might be of interest in the later interpretation
of results. Such information was essential, particularly for the
determination of the temporal distributions of measurements. during

the controi, experimental and recovery series,

D. Measuring Performance

The following paragraphs describe the apparatus and techniques
used in measuring the five main dependent variables.

1. Tactile lomiiivity '
Tactile sensitivity was meacured using Mackworth's

"V-Test" (31), shown in Figure 1. Resuits from the use of this appa-
ratus have been shown to correlate highly with results obtuined from

13
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other methods of measuring tactile sensitivity, including use of tie
classical two-point aesthesiometer (2). Mackworth's apparatus has
advantages for studies of the present kind, particularly as it minimizses
changes in skix temperature due to contacts with warmer or cooler
surfacesg during testing, The main featurs of the apparatus were two
sheets of plastic 232 mm long separated by a wooden wedge in such a
way that the gap between them ranged from zecro at one end to 13 mm

at the other, Two rubber knobs were provided for moving the apparatus
during test periods. Scribed on the sides of the plastic sheet were lines

at intervals of 13_ mm,

Flg. 1. Mackworth's "V.test" for measuring tactile sensitivity.
14




- p——— s —

: The subject was blindfoldet during each test series. As
shown in Figure 2 he waa seated at a wooden table opposite the experi-
menter, the forearm of his preferred hand resting on the table top and
the index finger of the hand extended. The experimenter moved the appa-
ratus until one of the scribed marks was under the center of the finger tip.
On instruction “now' the subject lowered his finger gently until it touched

-the topedge of the plastic sheets, Hs reported immediately whether or
not he could detect the presence of a gap by daying ''yes" or "no."
Thresholddetyrminations were made during each cycle of mezsurements
nsing the psychophysical method of limits. Three descending and 3 as-~
cending series were used, the gap size being varied by moving the appa-
ratus under the subject's finger as required, Frequent 'caich tests" werc
inserted to guard against any extraueous cues which might have influ-

enced a -uhject'n reports. The measure of sensitivity for any one cycu
was taken as the mean of the & uarelhuld deurmimionl.

Fig. 2. Healuxhg tactile sensitivity,
15
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2. Kinesthetic Sensit ivity

- The apparatus used in measuring kinesthetic sensitivity
was developaed at the University of Rechester (50) and is shown in Figure
3., It consisted of a horizontal metal shalt supported in metal bearings
embecdded in 2 walls of a black wooden box, Fastened to the subject's
end of the shaft was a black plastic knocb and at the experirnenter's end,
a plastic pointer along the center of which a thin line was etched, As
the knob was turned this pointer moved over the surface of a 180° pro-
tractor scale, thus providing a meaune of measuring the angular extent
of the movement, Internal mechanical stops were {itted to limit this to
the 160°, 80° to either side of the vertical pusition, A felt brake pro-
vided just enough friction to maintain the setting when rotation of the
kncb had ceased. The rotating system moved easily with little inertia
and was free from "rough spots which might have pruvided local ¢uss.

Fig. 3. Rochester apparatus for measuring kinesthetic sensitivaty,
16
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The subject was seated, blindfolded at the wooden table,
the forearm of his preferred hand resting on an arin rest as shown in
Figure 4, The experimenter set the pointer on his side of the shaft at
70° of the vertical position to the subjoct’s right, The subject then

‘wrasped the knob lightly with the iingers of his preferred hand and ro-

tated it in the following way: first, 10 the rightuntilthe stup was reached,
then through 160° to the left stop, thirdly, by a return rotation 160° to

"the right, ‘and {inally to a setting which bisected this large angle, The

first slight turn was to get the subject to a definite ¢ artiug point; the
second and third turns were to allow him to sample the angle, to get
the "{eel* of il; and ths fourth turn indicated the accuracy with which
he could make judgments based on the cuss provided by the preceding
roiations, Ten such judgmentic were obtained during each cycis of
measuremants, the angular distance between the subject's setting and
the vertical positisn serving as the measure of accuracy,

Fig., 4. Measuricg Kivestbetic sensiti
17
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3. MHand Grip

Strength of the hand grip was measured in the conventional
manner using a dynamometer calibrated in kilograms, The blindfold
was removed and the subject remained seated, The dynamometer was
held in the preferred hand, the arm hanging naturally at full length by
the subject's side, On the instruction '‘now'' the subject squeeszed the
dynamometer as hard as he could without changing his position, The
experimenter then recorded the resuits of the trial and had re-set the
pointer on the dynamometer scale, Two such trials were given during
each cycle of messurements. '

4. Tracking Skill

The apparatus used for measuring skill inlboth free-
movement and pressure tracking is shown in Figure 5. In thia picture
the wooden cabinet has bsen removed to show the essential mechanisms.
Bacauss of difficultiss sxparisnzed by athar ressarch werkers using
sléctronic systems under conditions of widely varying ambient temper-
atures the present apnaratus was based upon mechanical principles,
Movement of the tracking stylus on the moving-paper polygraph was
controlled by a control column terminated by a spherical brass knob,
The relation between the displacemant of the control and the amount of
excursion of the stylus couid be varied by changing the pivoting point

of the arm supporting the siylus, For movement tracking the pivot was
close, 5,0 inchea, to the stylus, thus requiring a movement of one inch
for maximum excursion of the stylus from its ceatral position. For
pressure tracking the pivot was moved to a position 9.3 inches from

the stylus and a standard friction applied to the control column. Undsr
these conditions a fi:ll excursion of the stylus from its control position
required a displacement of the control column of only 0.20 inch and

the rate of moving the stylus depended upon the amount of pressure
exerted against the column, ’

: The- track to be followed was traced on the moving paper
by a stylus operated by a can: from.a small electric motor, Whenever
the motor was running the target stylus moved repeatedly through a

ZThis apparatus was constructed in the workshop of the Department of
Psychology, University College, London. It was based upon the sug-
gestions from Dr. N, H. Mackworth and Mr. C. B. Gibbs of the M.R.C,
Applizd Psychology Unit, Cambridge, England.

18
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Fi;z. %. Apparatus for reclordha tracking -ﬁn.

series of identical cycles, each of the cycles being 13,70 ? 0, 85 seconds
in duration, Both the tracking and target styli were fitted with soft '
colored leads pressed against the paper by adjustable springs., The
track was in red and the subject's performance ia blue, thus providing
immediate knowledge of resulis and facilitating later analysis of errors.

" The experimenter's controls for various componunts of the apparatus

were mounted in a single control box, Time was indicated by an electric
clock wired into the contral box,

" A lu.nd.ud ptocedure was worked out for checking and
ca.libruin; the apparatus before each phase of each days! research be-
gan. Careful checking of the operation of each component part of the
apparatus proved very valuable in that no serious breakdowns occurred
during the entire experiment even though the apparatus received heavy
usage under widely varying conditions, Two main features characterized
the calibration procedure, It was ozsertial for the later interpretation
of results that the tracking problem rermained the same under all experi-
mental conditions. This meant that the duration and peak amplitude of
each cycle of the track which the subject was required o follow had to
be constant,. Megsurements of duration and peak amplitude were takean

19
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before each trisl and adjustmerts made in the Apparatus whenever
necessary, Product-moment correlations between the durations of

off and even cycles for a random sample of rracking trials gave a mean
correlation of 40, 97, which indicates bow successful this calibration
procedure was. Peak amplitudes did not vary throughout the experi-
ment. The second feature of the calibration procedure involved adjust.
ments {0 the friction on the control column before esach period si
preasure tracking to snsure that the amount of Pressure required to
displace the trac' 'ng stylus was maintainsd at approximately one pound,

After the apparatus was chenked and calibrated the subject
was seatedona stool in frontofthe control column as shown in Figure 6,

- " &

Fig. 6. Rezording trukﬁm.lu‘ll.-
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This stoo] was adjustable so that the subject’s forearm was approxi-
mately horizsontal when operating the control. The brass knob at the
top of the colurnn was graaped Uy the fingers of the preferred hand.
The preferred hand was always used, although there is evidence (49)
that accuracy in tracking with the non-preferred hand is not signifi-
camtly different from accuracy with the preferred hnd in right and
left-handed groups, Two knobs were available, one for use in the
control room and the other in the experiinental rooun, The latter was
kept in the experimental room at all times, Duriag preliminary train-
ing tracking periods were 10 minutes in length and durtng the other
phasss of the experiment, 5 minates. :

It was necessary to select ons of ésveral possible scoring
tschniques for analysing the tracking records and they were obtained,
The decision-was based upon analyses-of data obtained during-2 pretiwmi-
vious experience had indicated that the final results of appiying several
different technigues correiaied highly, There are, of course, advantages
in using the simplest techuigue whick prodaces reliable resuits and
provides the desired information. For purposes of the preseat study
it was decided to use a cumuiative score of the errors iz tracking, ths
subject's distance off the target in millimwsters, measured at regular
intervals of ons second, Application of this measure 10 dats from the
preliminary sxperiment suggested that it might be possible to eimplify
the technique still further by measuring the records of performance
during part rather than all of a tracking trial, This required an answer
to the guestion: How clossly do various part scoras corralats with whosls
scores? The tracking records for all subjects ia the preliminary experi-

ment were scored in suczessive groups of 5 target cycles cach and rank

order correlations between scores for each of these groups and scores
for the whole trial determined. The correlation between scores for
the first 10 target cycles and scores for the whole trial waa found 1o be
0. 84; scoring fewer target cycles seriously reduced the correlation -
and scoring more increased it very slowly, Tharefors, it was dacided
to define tracking error score as the sum of the distances off target
measured a: regular intervals of one second during the first 10 target
cycles of a trial,

5. Skin Temperature

The method of measuring skin temperature was de-
cided upon after preliminary trials in which a number of locaticas
for the thermocouples were tried. Copper-constantan thermocouples
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were used, They were led into the various channels of a 16-position
Brown Potentiometer.3 Skin temperature data were needed primarily
for the finger tips of the preferred hand, the hand used in all the -
measures ol parformance taken, but similar data were also recorded
tor 2 control locatinns, One of these was ths finger tips of the non-
preferred hand, which was exposed to the experimental atmospheric
conditiona but not involved in the movements and contacts with surfaces
as wers the fingers of the preferred hand, The other contvol locatiorn,
a thermocouple on the dorsal or posterior and one on the veutral or
anterior surface of the forearm, provided information as to the effects
of the atmospheric conditions on the skin temperature of a part oi the
limb covered by protective clothing,

Leads {rom these thermocouples entared the input of the
Brown Potsntiometer, which was lacated in & separate laboratory room,
The potentiometer cycled automatically through the various inputs and
racorded the {emperature of sach on a m ving-paper polygraph, The
temperature could be read from these recsrda with tha aid of & properly
calibrated templats, One input position was regervad for ths lead from
& thermocouple immersed in a vacuum flask containing slowly meliing
ice, thus providing a calibration point for each record,

The thermocouples to the forearm positions were mounted
in plastic mesh screens and were held in position approximately half
way between the hand and the elbow by broad elastic bands secured at
2 points with adhesive tape, Since the finger tips of the. preferred hand
were used in all ths various performances measured, thermocouples
could not be {astened to them for the duration of the research sassion.
Instead the leads from sach thermocouple were pinned to the subject’s
sleeves, one to each sleeve, This left the thermocouple free to bs
grasped between the thumb and forefinger when skin temperature measure-
mentos were needed. The position of the subject during these measure-
ments is shown in Figure 7, The potentiometer was allowed to cycle
through its various positions for as long as wrs necessary to obtain
stabls recordings of finger tip temperatures, This usually required
from 2 to 3 minutes.

. Operation of the potentiometer was a full-time responsi-
bility for one experimenter, He kept contact through the intercommuni-
cation system with each of the two experimenters who were measuriag’

3Brown ‘'Electronik" Patenuomater, Minneapolis-Honeywell ch. Co,,
Brown Instruments Division, Philadelphia, Pa.
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' l‘. 7. Recording skin temperatures,

e

the various performances, This enabled him to marh: on the potentt
ometer tape when each test begar amd ended for each subject, This
information was necessary in order to relate each measure of per-
formance with the skin temperatures at the time it was recorded.

Because skin temperature is affected by muscular activity
and by contacts with objects in the environmest, the subjects were in-
structed to use their hands only ir. carrying out the various tasks as-
signed to them, At other times they sat or stood with their hands im-
mobile and away {rom any object in the environment. mcludi.n. their
own clothing.

Although thc reading of the polygraph records was a rela-
tively simple task, it seemed advisable to check on the accuracy with
which it was in fact carried cut, Two of the investigators involved in
the research read independently all the temperature recordings for the
12 wubjects in the groups exposed to +40° C, There were 1008 individual
readings for each investigator and there was an overall agreement in
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92% of these readings. I only one case, where the difference was
0,50°, did the investigators disagree by more than an amount which *
involved estimations within the calibration of the template used in the
readings, i, 8., 0,259,

E, Procedure : ' -

The procedure can best be described by reference to the
various phases of the research design as set down in Tabla 1, Only
two subjects were put through the procedure on any ons day. Research
began &t about 8:30 a, m,, and continued until approximately 3:30 p.m,,
with a mid-day interval of about an hour and a half, All equiprent and
apparatus was checked and calibrated before the day's research bezan,
The subjects were first taken to ths control room in the laboratory,
where the preliminary training; and the contror and recovery series
were to be carried out, Hers thay were given general instructions re-
garding the background of the research and what would bs expected of .
tham, 8ince their scheduls was i be 2 long one and since the lsvel of )
their motivation was an important factor avery effort was made 1o gain '
good rappor{ and to clarifly the general procedure, There were a number
of facters favoring an interested participation in the resesrch, The
day's work was a break in the subjects’ routines; it relieved them of
other, more arduous duties; and it kept them in the laboratory where,
eitcept for the experimental phaae of the study, temperature conditions
were much more favorable than thoss cutside the laboratory., The
subjects' performance of the various tasks, the questions thev asked
and their spoatansous requerts to participate as subjects in furthsr
research indicated that thias initial period of contact with them was well
worth the time and care put inte it.

1. General Instructions

Aftar rapport had been established general inatructions '
were given regarding the nature of the day's schedule, This included :
descriptions of the steps involved in the procedure and instructions re-
garding special arrangemeats, such as transportation and messing. it
also included specific instructions regarding the tasks which the oubjecu
would be called on to perform,

2. Preliminary Training

Preliminary training then began, With the exception of ;
skin temperature measurements the procedure followed was exactly ’
the same as that employed during the control, experimental and recovery

24
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series, The 2 subjects were separated by screens, One began work
on the sensitivity meagurements, while the other received detailad
instructions regarding the tracking task but did not actually practics it,
When the first subject completed the kinesthetic, tactile and hand grip
tasks he was moved to the tracking task and the second subject began
the cycle, This alternation of subjects zontinued until each had com-
pleted the ‘cycle 4 times. The importance. of this preliminary training
as a means of controlling practice effects on later- performance is dis-
cussed in one of the followlag sections of this report,

The basic dress for all subjects was the jatigus issus
clothing, In order to control any effects which the parkas, to be worn.
by groups 4, 5, and 6 during the experimental series, might have in
i - restricting arm movements, these groups wore parkas thxoqmm
i ontirs research aession,

Afier preliminary tFalntag tha subissts were gives an
oppormnny to ask questions regarding any aspect of the procednrs,
The schadiuls for the afternoon wag disc.uud and they were then sent . AT
to mess. R

3. Control Series

- The subjects were allowsd to rest for a short time after
"‘mess, During this period all equipment and apparatus were re-chocked
-and re~calibrated, The schedule {or the afternoon was then reviewed
" with the subjects; thermocouples were attached; and the subjects dressed
in accordance with requirements of the experimsrial group to which
they belonged, Subjects in the +20°, +30°, and +40° C groups wore _
cotton underwear under fatigue clothing, with cotton socks and Army
issus shoes on their feet, Those in the 3 low teinperature groups were
f ' dressed in arctic clothing consisting of the following: woolen undsrwear,
g woolen shirt, woolen padded troussrs, and parka. Their feet were pro-
; tected by woolen socks, felt liners sand mukliuk boots. With the kood
| ~ over the head, ths only exposed parts of the body were the face and the
_ hands. The {act thit no subject reported shavering or feeling cold ex-
' ~ cept in the hands indicated thar this way of dressing adequately served
: its protective function, After this preparation the subjects were put
| through one cycle of measurements as shown in Table 7. The mean
; time for complt ting this series was 15 minutes,

| Each piece of apparatus was mcved to the cold or bot-
room as soon as the second subject had completed his trials on it,
Thus expsrimenters were prepared to begia the experimvental serie:

! _ 25
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TABLE 7
ATI OF CYCLES COF MPCIHIEF DUR ING CONTROL.
EXPEH MENTAL AND RECCVERY PHASES - COMHINED CROUP M AWD P
Time at**
Meun®*® - Cumulative** Phase
Phase C:e.lc' Duration Duration Temperasure
.Control 8 -1 7 7
. 8 13 13
Mous ta experisental reom 10
Experimental $ -1 [] []
- 11 19
Nove -ubgccts 4 23
. 2 ? 30
T«2 7 37
Nove -ubgoc ta 3 40
=3 7 47
T3 7 54
Kove sublects 4 58
8§ .4 7 85
T = 4 # 73 73
Mave to recovery roonm [ _
Hamagyy s -1 T b
- 11 18
Movs subjeats 4 22
s 2 7 F1
T-2 ? 18 k11

*A cycls consists of one pair of semmitivity (*5') and tracking
{'T"} Megauressnts,

**Reported to the nearest rinute,

of tests with a minimum of delay between each subjact's completion of
the control series and his first cycle in the experimental series. This
delay averaged 10 minutes,

4, Experimental Series

The experimental series consisted of 4 cycles of measure-
ments carried out under the temperature conditions required by the re-
search design, Apparatus and subjects were moved to the control room
50 as to minimize the delay between measurements of the sxperimantal
ard recovery series, This delay averaged 6 minutes for all groups.

5. Racovery Series

Two cycles of measurements were carried out during the
recovery serizs, the order of measurements being the same as that
previously followed, After completion of this series the condition of
the thermocouples was checked and the subjects diamissed. All equip-
ment and apparatus was stowed in readincss for the next day's research,
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F'. Checke on the Methods of Measurement

There are certain checks which are important in any attempt
at objective rneasurement, Manv of the previous studies to which the
present researchis rolated did not report such ckecks and, consequently,
the aterpratations of their resultsarenotas unambiguous as they might
have been, Before reporting results of the present study, it seemu

‘important to give some answers to the following two questions: How

reliable were the various meurnring scalen? How were they influenced
by practice effects ?

}. Reliabhilities of Mhuurin-g Scales

Each measuring scale was applied a sufficient number of
times during each cycle to allow for the calculatior. of correlations be-
tween odd and svon msasurements, Table 8 shows the magnitudes of
these correlations, determined by the product moment method. The
correlations would be higher if corrected to take into consideration the
{ull lengths of the messures smployed, The véry consistent irends in
the results obtained when the various measures were applied can also
be taken as evidence that the measures served their purposes ina
satisfactory manner,

TABLE 8

RELIABILITIES® F MEASUHING SCALES
Scale T
Tactile . 0.78
Kinsathet ic ' 0.83
Haed Grip 0.9
Movement Trocking 0,82
Prebsure Trocking 0,9%

*Product sowent correlatiorns betveen odd and aven
seasuresents - controel trials,

2. Practice Effects

The results of any research in which the same measures
of behavior are applied to a subject on several different occasions may
be afiected significantly by practice, Such serial effects may be elim-
inated by giving each subject preliminary training to the point where
no further improvement in performance occcurs, This precaution was
incorporated intp the present research design,

Previous investigators have shown that considerable im-
provement with practice occure in tracking skills, Therefore, a pre-.
liminary experiment was conducted to determine how much practice
was necessary to reach a constant level of performance on the tracking
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skills studied inthe present research, Thirty-one subjects were selected
inthe same way as those servinginthe main experiment, Fifteen of theae
Practiced movement tracking and 16, pressure tracking, in anair-conditioned
room with a meandry bulbtemperature 0f27,8° C. Each subject waw given

& series of 10-minute practics Seasions, the sesvions separated by 10-minute
restperiods, Theeffectsofpracticaare shownby Curvea 3and 4 in Figure8,

EFFECTS OF PRACTICE: TRACKING PERFORMANCE
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Fig. 8. Effects of practice on tracking perforrmance.
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It will be seen that improvernent occurred rapidly and a consistent leve.
of performance was reached for both movement and pressure tracking
within 4 practice sessions. The duration of the preliminary training
period for the main experiment was determined on the basis of these
results, :

Checks were made on the efficiency with which preliminary
training during the main experiment served its purpose, Curvesl and 2
in Figure 8 show the effects of practice on movement and presaure track-
ing and Curves 1, 2, and 3 in Figure 9 for the effects of practice on
measures of tactile and kinesthetic sensitivity and of hand grip. These
curves indicate that consistent levels of parformance had been reached
before the experimental series of measurements was taken,

EFFECTS OF PRACTICE: TACTILE, KINESTHETIC AND
HAND GRIP PERFORMANCE -
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Fig. 9. Effects of practice on tactile, kinesthetic and hand grip performance,
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Iv. RESULTS

I'he results are summarized below under several different headings,
Most of the analysis has been based upon distribution-free statistics,
When statements are made regarding significances of differences or
trends, ‘significance" i¢ defined in terms of the 5% level of confidence,

T maE AN PSS

A. Relations between Performance and Ambient Temperature

Four curves are plottad in each of Figures 10, 11, 12, 13, 14,
and 15, They represent the mean performances of the various groups

KINESTHETIC SENSITIVITY=-
AVERAGE ERROR
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s 3§73
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e
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N
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A
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| I I 1 | |
=10 o +10 +20 +30 + 40
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Fig. 10, Kinesthetic sensitivity (average error) as a function of ambient
temperature and duration
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Fig, 11, Kinesthetic sensitivity (constaast error) as a function of
ambient temperature and duration of exposure.
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TACTILE SENSITIVITY
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Fig. 12. Tactile sensitivity as a function of ambient temperature and
duration of exposure,
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MOVEMENT TRACKING
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Fig. 14, Movement tracking parformance 2s a function of ambient
temperature and duration of exposure,
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Fig., 15, Pressure tracking performance as a iunction of ambient
ternperature and duration of exposure,
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at differcni durations of exposure to their respective experimental
temperatures, ranging from 1, the shortest exposure, to 4, tne longest,
The actual durations of these exposures, given in minutes, are showu
in Table 7, The temperatures on the abscissaa are in terms of dry-bulb
measuraments, Inspection of these curves reveuls certain systematic
relations between psrformance and temperature. for example;, Curves
1 and 2 {n Figures 10 and 11 suggest that the range of temperature to
which the subjects were exposed had little or no systematic effect on
kinesthetic sensitivity where the exposnre was of short duration,
Curve 3 shows the beginaing of a decreme:t in performance at the
low and of the scale, but sti]l a relation between temperature and
sensitivity is not clearly apparent, The relation becomes okvious in
Curve 4 where decreasing temperature appears to be highly and positively
ralated to decreasing sensitivity, Esxaminations of Figures 12, 13, 14,
and 15 suggest that significant relations alss existad bitwaan teampersture
and the nther performances messurad in the present study, 2 new points
arising which ara worthy of particular atténtion. PFirst, a systematic
temperaturs effact sppeara to occur with shorter durationa of exposure
in the cases of tactile sensitivity, and the Z measures of tracking than
in the other performances, Second, there is a suggestion in Figures
12, 13, and 14 that the relation between temperature and periormance
may be curvilinear, decraments occurring at both the cold and hot ends
of the tamperature scale, :

Thewe observations, based on inspection of the curves relating
temperature and performance, wers sxamined by statistical analysas
of the experimental data and the resuits are reported in Tables 9, 10,
and 11, From Table 9 it i{s clear that aignificant trends existed betwenn
temperature and all forms of performance when the duration of exposure
to the experimental temperatures was at its maximum. Some measures
of performance were more sensitive to temperature than others, Thus
pressuvra tracking was significantly related to temperature at all 4

TABLE 9
SICGNIFIC * OF RELATIONS EEN PERFORMANCE
0 B LENT TEMPENATORE

Duration of Movement Pressure
Expasure  Kineathetlic-A.k, Kioesthetic-C.E. Toctile Hamd Grip Tracking Trocking

1 0.2 0.5 1.47 0.84 240 3,74

2 0.02 . 1.24 3.32°7 -1.48 1.0 2.08°°

k| 1.9 1.67 4.8 -1.m 1.66 3, 80

4 2.68°° z.. 4.81°° -2.50° 2,200 2,71

*Given in terms of '1', caleulated by Jonckhesre's methad (25).
**¥aluss sigmificant at the 3 level cf coufidesce or hetter.
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TABLL 10

CORRELATIONS® (71 BETVLEN MEASURCMENTS (F PEAFCRMANCE
AND AMBIENT TEMPERATURE

[uration of Movesent Pressure

ure Kinesthetic-A.E, Kisesthetic-C.F. Tactils Hasd Grip Tracking Tracking

1 <0.00 «0.0% 0.4 ~0.08 #0.29°  -0.50*°

2 +0.002 «0.13 -0.3]%* ‘0 i «0.24 Q.38

3} 0.8 «0.16 «0.40°°  *0.18 0.2 «0. 52

§ -h,28% 8.2 -0.4°"  *0.23**  .0.52°%  -0.33%
*The signe of the coerelations imdivute iapcirsents s oerformamces sith decremsing

‘enperatyres
*Yaluey uul“oul 1t the 5% level of conflidence of tetter,

durations of exposure and tactile sensitivity at all but the shortest du-
ration, The megnitudes of these reolations are shown in Table 10 where
they are expressed in terms of the rank correlation coefficient "Tau,™

Not only is it important to know that sigaificant relations did
exist betwerern temperature and nperformance, it is aleo essential to
understand the {form which thase relations took, Inspection of Figures
10, 11, and 15 indicates that for both measures of kinesthetic senai.
tivity and for pressure tracking, performancs was prograssively im-
‘paired as temperature decrsased below +20° C, but that no significant
effects of temperature appearsd above this level, The other perform-
ances seem to have been affected somewhat Aifferently, Aswith kines-
thetic sensitivity and pressure tracking, i:inpairment of performance
increased at the cold send of the tamperaturé scale, but impairmeat alse
began to appear at the high terrperature end., If these reiations were
truly curvilinear they would have to be analyzud in terms of differsat
statistics than those reported above, Tabls 11 countrasts the appropriats
"Tau' cosfficients irom Table 10 with correlation ratios without bias,
"Epsilon, " {26) calculated using the sarne raw data. Epsilon, which

TAML 11

CORRELATIONS® {7 amd €) FOR RELATIONE £ETEEEN EXPERINENTAL TEMFERATURES AND
oA O TACT L SEMSITIVIFT WAID CAIP TRACEINC TASES

D ! Semeiive Rad Gri #"’ﬁ'!‘
retio asitivit & ! TCCELIR
1 Cb.i4 0,26 0.00 0.1 0.29°° 0.54"*
2 0.3l 0.52** 0.14 0.1 0.24 0.53°*
3 0.40% 0.%8°* 0.[8 0.34°* 0.22 0.67°°
4 0.43°° 0.62°° 0.22°°0,44°* 0.32°* 0.83**

*Wethods for cowpeting 7 asd € wvere thome suygeeted by Jomckbeere (24)
and Kelley (28). reapectively,
**Correlations significent at tic 8% level of coufidesce or better.
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takes into consideration the curvilinearity of the relations, indicates
significant association hetween temperature and movément tracking
which did not appear in the esarlier analyuis, Where relations are
significant in Table 11 the magnitudes of the correlation ratios are also
substantially higher than were the tau coefficients,

Table 12 summarizes the temperature ranges over which the
various performances ware most effective, It will seen that tactile
sensitivity was most susceptible to variations in ambient temperature,
signs of impairment appearing at experimental temperatures on both
sides of an optimal point at +30° C, This conforms with other infor ~-
mation to be reported later '‘which indicates that tactile sensitivity was
impaired after gshort exposures to the experimental temperatures and
also recoversd rapidly under the coatrol tomperaturs conditions. The
other parformances showed nc sigas of decremsnt ovar ranges of 20°
in the experimental temperatures, Measures of kinesthetic sensitivity
and of pressure tracking were not impaired bétween +20° and 40° C,
Although they ware affected at the lowest experimeantal temperatures
and might have been at temperatures higher than those to which subjects
in the present study were sxposed, Measures of hand grip and movement
tracking were at their best gver the range +10° to +30° C, showing
decrements as the axpsrimental temperatures increnud or decreased
beycrnd thase levels,

TABLE 12
TENFERATURE RANGIS OF LFFECTIVE PERFORMANCL
ferforsance Bongens
Kiosstbetic - Average Error 3 'm’ . lD° 19° - 10t
Kinenthetic Cm\unt Error - 2_0° - 40° ¢0® - 1n°
Toctile ’ ) 20° 1 3
Hand Grip - : 10° . a0 509 - ag®
Movement Tracking 10° - 30° 50° - #¢°
Pressure Tracking 20° - 40° 5% - 104°

B. Relations between Performance and Duration of Exposure to
Ex.geri.menta.l Temperxtures

It is & reasonable hypothesis that, if exposure to a particusar
ambient temperature does affect performance, this effect will become
more pronounced as the length of the exposure increasas., This re-
lation need not be linear and it may hold only within limits, e, g., until
an asymptota in performance is reached, Examination of Figure 10
supports this prediction, For the 2 lowest temperatures kinesthetic
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sensitivity, as measured by the mean average error, decreases system-
atically as duration of exposure increases. This is seen clearly {rom
the rank orders of points on the 4 curves, which go from smallest aver-
age error at Puint | to largost average evror at Point 4, For the 4
other temperatures the rank orders are scrambled, suggestinga lack

of relations between length of axposure and performance, Similar
examinations of Figures 11 to 15, inclusive, suggest that, with the ex-
vepiior: of movement and pressure tracking, duration of expoaure to
certain temperatures is related to the magnitude of the decrement in
performance

In order to determine how aignificant these relations were, the
data were aralyzed usirg Jonckheere's (24) method, The results are
shown in Tabls 13, whare an asterisk has baen piaced by all values
sipnifizany at *he 3% level of confidence or betller, These resuits support
the impreasions gained {rom examination of Figures 10 to 15, inclusive,
and emphasize Z main poirnts, First, with the limits of the present re-
#earch, neither movernent nor pressure tracking i§ affécted in any
systematic way by the length of time subjects are exposed to amblent
temperatures ranging from -10° to +409 C, Second, at low temper-
atures kinesthetic and tactile sensitivity and strength of hand grip are
aflfected detrimentally, decrements in performance being positively

TABIE 13

SIGRIFICANCES® OF RELATIONS BETWEDN PERFORMANCE AND DURATION
r EXPOSURE TOU EXFERIMENTAL TEMPERATURLS -

‘o . Wovewsent Pressure
Tesp. . Kisesthotic-A.L. Kinesthetso-C.E. Tactile Homd Grip Troacking Tracking

40 2.84%0 -0.68 +0.29  -2.08%% -0.70  *0.70
+30 *0.98 -0,69 2,285 048 042  *0.42
o0 -0.40 “0.29 .66 *0.88  *0.4  <1.76
*10 -0.69 -0.29 .27 -paY 0.9 D42

7 *3.42% 2,60 C2LB4%T 432300 2,08 153
BY. 2,280 *2.0000 +9.62°%  -6.56%° *1.81 0.7

*Given 15 term of 'z’ calculated b_r Jomckheore's mthad (24) .
“*Values riguificant at the 5% lewel of confideace or better ,
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related to duration of exposure, There also is some evidence that
a similar relation holds for strength of hand grip at higiu temper-
ature,

C. Recovery from Exposure to Different Ambienf Temperatures

The experimental procedure included 2 cycles of measure-
ments following return of the subjects to the control room, This
was planned in order to obtain some information regarding re-
covery fram the effects of expomure to the different experimental
temperatures, Mean performances during the final experimental
and the 2 recovery trials are presented in Table 14, The final
column of this table shows the averall recovery in terma of
differences betwaen performances on the {inal experimental and
second recovery trials, )

The general trand of the rasults are (n the expected di-
rections and 3 main points can b2 emphasized. First, since re-
covery implies & previous impairment it would be predicted that
the most pronounced evidence of recovery would be foand at the
2 lowest temperatures, which have alrsady been shown to pro-
dure the greatest impairment in all the performances studied, In-
spection of the final column ia Table !4 gives general support L«
this expectation, In this column a negative value indicates an im-
provement in performance, except for hand grip in which improve.
ment is represented by positive valuss, Perhaps the clearest
illustration of this general trend is to be found in the case of iactile
sensitivity, Here thore is no apparent improvement at the first 4
tamperatures, but the evidence for improvement is statistically
significant at better than the 5% level of confidence for groups pre-
viously axposed ta 0% and -10°9 £, Further examination of Table
14 reveals a second major point, Performance of hand grip and
movement tracking show improvement occurring in groups pre-
viously exposed tc high as well as low temperatures, Again this
is what we would expect since both these types of performance
were shown in preceding sections to be impaired at both ends of
the termnperature range used in this study. A third main point
concerns the final level cf recovery attained under the present con-
ditions, In no case except tactile sensitivity was the recovery
period sufficiently long for impairmaent following exposure to the
extreme temperatures to disappear completely, It will be re-
membered that tactile sensitivity was affacted after relatively ahort
exposures to the experimental temperatures, Tha svidence now
suggests that thia sense modality also recovered very rapidly,

-
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TABLE 4
Kineathetic {Average Error)

1.

PERFORMANCES ON CONTROL, FINAL EXPERIMENTAL ON RECOVERY TRIALS
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l. Temperature of Fingers

Skin teamporature remained at a constant level of 33 to
34° C during the control series, Changes in skin temperatures appeared
in the first measuremonts following exposure to the various experimental
temperacures, These changes were most striking in subjects exposed
to the temperatures +20° C and below, Skin temperature dropped more
rapidly and reached a lower terminal point the colder the ambient
temperature, At 100 and 09 C the drops were rapid initially and then
tended to level off at about 8° and 14° C, respectively. Skin tempera-
tures during the recovery serias rose rapidly at first and laveled off
as the tamparatures of the control series were approached, The maxi«
mum level reached during the 36 minutcs of the recovery series was
a function nf the ambient temperature to which the subjects had been
exposed, higher levels of recovery being associated with higher am-.
bient temperatures, Skin tomporaturass at +30° C changed reiatively
little, but at +409 C they showed a rise which dropoed toward the lavals
of the control seriss during recovery. Thus, as would be predicted, :
the magnitudes of changes in skin temperature during hoth the experi-
mental and recovery saries are shown to have bean functions of the
duration of exposure to the respective ambisnt temperatures,

Figure 22 shows the relations between the experimental
temperatures 0 which the subjects were exposed and ths fiual levels
of skin temperature, It is apparent that a high relation existed be-
tweean the two, This is confirmed by the resulls of statisiical analyses
sumntnarised in Table 15, where the Tau correlations for the preferred
and non-preferred hands are shown to be 0,96 and 0,92, respectively,
Such high correlations facilitate the general analysis of the experimental
data, for they indicate that relations betwsen measures of the various
performances and skin temperature wero similar to those between the
performances and ambient temperature as deacribed above,

2, Temperature of Forearm

The temperaturss recorded by thermocoupies attached
to the dorsal and ventral surfaces of the forearm showed similar
changes, but of much less magnitude, daspite the fact that this part
of the body was covered with protective clothing. The Tau correlations
between ambient temperature and {inal skin teniperature readings as
shown in Table 1% vre 0,83 and 0, 87 for the dorsal and ventral surfaces,
raspevtively, Theae correlations indicate highly significant trends in
. the directiun of d¢creasing skin temperatures with decreasing ambient
© temporatures,
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One feature oi the forearm temperatures which deserves
particular emphasis was the tendency for the ventral surface to change
temperature more rapidly than the dorsal surface as duration of ex.
posure to the more extreme ambient temperatures increased, This
tendency is apparent from an inspection of Figures 16, 19, 20, and 21,
but it shows up more clearly in Table 16, which presents rank corre-
iations between the differences in forearm temperatures and duraticn
of exposure, The high correlations obtained at +40°, +10°, 0°, and
-10° indicate that the magnitude of the differences increased consistently
as langth of exposura to these ambient temperatures increased,

TABLE 16

COMRELATIONS® mTWEEN DIFFERENCES IN FOREARN SKIN TEMPERATURES
AND DURATION OF EXPOBURE TO EXPERIMENTAL AMBIENT TEMPERATURES

Group Tempo b _ P
Ml ¢ Pl e ) 0,88
¥t PP 30 ® ap,ayg
M3 ¢+ Py +30 +0,19
TR +1¢ 0.9
Ny + Py 0 +0.94
¥ ¢ P .18 10,52

*Computed by rank-difference mathod,

**At this ambient temperature the {orsars warmed with incredsing
sxposure; in all other instances, it cooled.

E, Effects of Contact with Metal Control Surfaces on Skin Temper-

ature .

During the present experiment great care was taken to prevent
both of a subjsct's hands from contacting surfaces which might affect
skin temperature, The only exception to this rule was a deliberate one
and occurred during the time in sach cycle of measurements when ths
subject was performing at the tracking task, During each of these 5-
minute periods he grasped a brass knob at the top of the control column
with the fingers of his preferred hand, the non-preferred hund not con-
tacting any surface, Separate knobs were used for the experimental
and control rooms and were kept in those rooms during the entire period
of sxperimentation with the diffarent tomperature groups, THe actual
temperatures of these knobs determined at the beginning and end of
sach day's operations in the 2 rooms, are summarized in Table 17,

The only knob temperature above normal body temperature was the

one used during the experimental phase of the research by the groups
exposed to an ambient temperature of +40° C, During the experimental
series at this ambient temperature the knob temperature decreased by
one degree and at all other temperatures it increased from 4 to 6
degrees,
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TARE 17
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*Te pearest degree

" With these facts in mind it is-worthwhile to look again at
Flgures b ta 2], incianive, which whow sicin femmeraivres during the
controi, experimental and recovery phases of the research ior the 6
ditlerent lsinperalure groups. Arrows indicale skia lempevalures re-
carded immediately {cllowing templation of perlorrnance of the track-
ing task, Inspection of the curves for the Z lowest temperature groups
clearly shows that contact with the brass control knob had a systemalic
effect on the skin temperature of the preferred as compared with the
non-preferred hand, In all instances skin temperature of the {ormer ;
was lower than that of the latter immediately after the knob was re- i
‘1eased, This lowering of skin tcmperature was alwsays followed by a i
marked re-warming of the preferred hand and then a cooling until the
‘next re-warming toek place., This systematic cycle of vvents did not
occur at temperatures of +10° C and above, where the skin temper-
ature of the preferred hand was fairly consistently above that of the
non-pref{erred, These are phenomana which may well have implications
for the design of equipmant to be used at low eaviromlmu tempera-
turea,

V., DISCUSSION

When we npeak of "efficiency' in military or industrial operations
we usuaily mean the efficiency of 2 man-machine sysieum, even though
the machine in many cases may Lo a very simple one,. Such combinations
operate in environments which may alfert man's perfvrmance and thus
the efficiency of an entire system. The present research was designed
to study the effects of changes predominantly in one major environmental
ariable, ambient temperature, on certain types of human performance.
It would appear worthwhile to discuns the rcsults of the research in
terms of their implications for human performance and machine design,
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A, Human Performance

A report (19) from the Armored Medical Research Laboratory,
referred to earlier in this paper, contains the very significant state-
ment that -20? F with sero wind velocity "', ,. was considered to be the
lowest temperature at which both the personnel and the vehicular equip~
ment of the Armored Command would be able to function without the
occurrerce of serious breakdowns. " These atmospheric conditions are
not nearly as extreme as those which could be expectad during the
course of extanded sub-arctic operations, Regardless of its precision,
the statement points clearly to the limitations which environmental
conditions may place upon the efficioncy of man-machine systems used
by the military services, The discussion which follows attempts to
I examine the results of the present ressarch from the peint 6f view of
| row sxposurd ta hlih and inw smbieny vempergtures may affect thia hwnan
i eslement in such systamas,

! : 1.  Tactila Seasitivity

Many of the skills which military psrsonnel are required
to perform depend upon good tactile sensitivity in the {ingers and any
interference with this sensitivity may result in impairment of per-
{srmance, Previous research (32, 33, 2) hus beun confirmed by re-
sults of the present study in showing that, as ambient and skin temper-
atures decrease, tactile sensitivity also decreases.. It would be ex~
pected that such decrements would be associated with impairment in
the performance of tasks involving the use of sensory input from the
fingers and, indced, such relationshipa have been reported, The con-
ventional approach to maintaining normal skin temperature of the
hands during exposure to coid has been the use of protective covering
in the form of gloves or mitteas, but such covering itself interferes
with tactile sensitivity and performancse (16), Some of this impairment
can be overcome Ly practicing with mittened or glovad hands the skills
that may eventually have to be periormed in the cold (18}, However,
the prublem is still not solved for there is evidence that ''the best glove
combinations now available, ., are not capabls of sicher heeping the
hands warm or maintaining their functional efficiency’ (19), We must
look for some other technique for preventing this Unpairment of per-
formance, a search perhaps better discussed under matters of machine
design,

Previous research hasi been concerned with the effects of
could on tactile sensitivity, but results of the present ressarch suggest -
that impairment of sensitivity also occcurs under the influences of high
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temnperatures. In fact, the temperature range for maximum tactile
sensitivity appears to be a particularly narrow one, This phenomenon
o high-temperature decrement needs further investigation before any
more definite statemeuis can be made about its characteristics.

2. Kinesthetic Seneitivity

Basic to man's performance of many skilled activities 1s
his kinesthetic sensitivity. The results of recent research (17} imply
""...that skilled movements are continuously regulated by using kines-
thetic data which are gencrated by the limb in motion and are continu-
ously fed back to the highsr motor centres.' Any interference witls
this feedback would be expected to resull in decrements in psrformance,
It cannot bo contandad that the 1echnique used in the presem investigation
{or meaguring kinegthetic seasitivity invelvad that madality aniy, Spragp
(50), from whom the technique was borrowed, refers to it as involving
Henctual-kinesthetic! cuss, Accoopting this “comaininalion' of cués il
is apparent from the rasults reparied above that the measures uf
"kinesthstic'' sensitivity in the present investigation were related to
variations {n ambieal temperalure in quits a different way than were
measures of tactile sensitivity., Kinssthetic sensitivity was affected only
at the low temperatures and then after longer exposures than were re-
quired to produce impairment in tactile performance.

The presarnt results are of interest even I{ we prefer to
consider them as providing information about akill ir the getting of
knob controls rather than about kinesthetic sensitivity, Many military
skills, such as tuning a radio, adjusting the various controls on a radar,
focusing & camera, and adjusting a rangefinder setting, require the
accurate setting of knob controls, The present results chow that such
skills may be aifected by exposure to cold and that signs of the resulting
impairment, both in average and constant errors, begin at temperatures
below #20° C,

3, Strength of Hand Grip

Good manual dexterity and accurate finger movementa are
also required in the efficient performance of many skills ‘wshich military
personnel must possess. *"Cold rtiffnnss' is a very familiar phenomenon,
characteris:d by an impairment of these Z capacities., Joint temperatures,
on exposure to low ambient temperatures, fall significautly, even toa
greater extent than muscle, rectal or average skin temperatures. More
recently research (22) has dermnonstrated that the maximum speed of
joint movements decreases on exposurs to cold, Theoretically per-
formance of a skill, which imposes a load transmitted through the joini
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or on its sliding surfacen, intensifiesthedecrement, Studyoithe viscous
properties of synovial fluid bathing a joint has shown ~n increase of visconity
for adefinite fall intemperature and has led tothe conclusion that '"the
characteristics of synovial fluid are sufficient to account for increase.
forces required to move a joint, for loss in speed of movement and
decrement in maximum strength axerted on sxposure to cold" (22), The
systematic measurement of strength of hand grip in the present study
has added information to this general picture, The results support pra-
vious findings that performance decremants occur on exposurs to cold,
They show that dacrements are greater the lower the temperature and
that signs of impairment appear at temperatures below +10° C, They
also indicate that impairment occurs at high temparaturss, at temper.
atures above +30° C, Whether these effects of heat can be accounted for
in terms of viscosity changes of the synovial fluld or whether some othar
mechanism must be involved ars matters lor further research.

4. Trkbq Skill

The controls used in ths tracking tasks were only two of
saveral possibin types. Oparationofthe movement control involved dis-
placaemant of the contral column and, hancse, isotonic muscular contractions,
On the other hand, the presaurs control involved vary little displacement
thus emphasizing muscular contractions of an iscmetric nature, Gibbs
(17), using another type of pressure control in which ', ., the controlled
contractions ol muscle were virtually isometric, " has compared move-
maent and pressure controls under ordinary temperature conditions, Ha
has reported that ", ,, the pressure contro) was definitely better when
making both discrete and continuous responses, learning was eapier,
and differyntial transfer sifects appear whichalso favored this pressure
control, " Althoughthe type of pressure tontrol used in the present rs-
sgarch was not as effective as that used by Gibbs, thare atill is évidence
which suggest that pressure controls may have general advantages whan
a machine may be operated under both hot and cold conditions, The.
effective tumperature ranges for both movement and pressure tracking
covered approximately 20° C, but movement tracking showed signs of
impairment at both ends of the temperature range used in the present
study while pressure tracking appeared to be affecied only at the low
end, It is obvious that thess results have practical impiications for
machine design und should be investigated further, '

5. 8kin Temperature

As would be predicted the correlations between skin tempac-
atures of the hands and the ambient tempurstures to which the hands
were axposed were found to be very high, Skin temperature was also
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highly related to the duration of exposure. These results are consistent
with observations of other investigators (2, 32, 58, and 59). On the
basis of these results we would expent to find that relations between
measures of the varicus performances and skin temperature were simi-
lar to those between the performances and ambient temperature, an ex-
pectation which is supported by examination of the research data,

Two other general observationa uiain; from the measure-
ments of skin temperature deserve particular attention, The first con-

-cerns the effects of contact with metal control surfaces on skin temper-

ature, Measuraments during the present investigation revealed a re-
current cycle of skin temperature changes during exposure ¢ the 2 lowest
ambi2nt termnperatures, Lnmaediately after subjects had released their
grasp on brass control knpb following a Z-minute tracking period the.
skin temperature of the preferred hand, used in the performasce, was
jower than that ot the non-preferred or "control” hand, This lowering
of skin temparature was alwayas (ollowad by a marked re-warming of
the preferred hand and then a coaling until the naxt re-warming took
piice. The merhanism of this re.warming would seem L6 be centered
in what has been referrsd 10 a3 "cold-induced vaspodilation" {7, 8).
Pariodicelly recurriig vasodilation has been demonstrated in fingeras
exposed to cold ambient tamperatures both when the body as a whole is
chilled or warm as in the present research. The amount of local cool-
ing needed to evoke the responae has been shuwn to be lass the warmer
the body, It is hypothesized (7) that this vascular phenomenon is de -
pendent upon ",,. the activation of a local sensory axon reflex," The
existence of relations between these cyclic vasodilations and certain
sensory events has been indicated by ressarch results showing that
sensations of increasing cold and pain froin fingsrs exposed to cold air
were '"spontanecusly relived' with the occurrence of sach vasodilation
wave, Iu the present investigation it would appear that the increased
loss of heat when subjects wers grasping cold control surfaces served
to trigger off & vasodilation wave, This cycle of events occurred only
at the 2 lowest expsrimental temperatures where the loss of heat to
the control surfaces would de axpected to be greatest, It did not occur
at embient temperatures of +10° C and above,

The differences between temperatures recorded from
thermocouples on the ventral and dorsal surfaces of the forearm also
ars of inierest, There was a consistent tendency for the ventral sarface
to change temperature more rapidly than the dorsal surface as duration
of exposure to the more extreme ambient temperatures increased. This
tendeuncy was clearly apparent despite the fact that the forearm was
coverad by protective clothing, One possible explanation fo:x this
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differential cooling lies in the distribution of the venous return {rom the
exposed hand, The veins of the upper arm are divided into 2 sets (23),
"superficial" and "deep' which anastamose freely with each other, Most
of the blood which aupplies the upper limh is returned by the superficial
veins, the deep veins being small and inconspicuous, There are.} main
superficial veins on the upper limb, all lying immediately under the
skin in the superfticial fascia. The cephalic antebrachial vein collects -
from the radial part of the dorsal vanous network of the hand and
crosses to the snterior or ventral surface of the forearm, The basilic
antebrachial vein arises from the ulnar part of the dorsal venous nct-
work of the hand, runs up for some distance on the posterior or dorsal
surface of the ulnar side of the forearm, and inclines to the ventral
surface below the elbow, The median antebrachial vein drawa the
venocus plexus on tie palmar side of the hand, ascends nn the front of the
formarm and ends in the basilic or median cubiral vein, The posivion of
the ventral thermocouple in measuring forearm skin temperaturs was
approximately haif-way up the anterior suriace on a spot between the
cephalic and median antebrachial veins, The dorsal thermocoupie was
on a spot at some distance irom the basilic antebrachial ve.n, It might
be expected that the venous return from the cooling hand would affect
skin temperature more rapidly at points where the superficial venous
system is more dense, i, e,, at points underlying the ventral thermo-

. couple, This hypothesis is entirely consistent with the resuits obtained
in the present study,

&, '"Machanisms" Underlying Impalrment

Three of the performanceas studied in the present investi-
gation sliowed impairment at th the cold and hot ends of the experi-
mental temperature range, .uanilar results have been obtained in other
studies, In general, performance appears to drop off mare significantly
at cold than at hot temperatures (52, 53), but the manifestations of the
decrements that do occur are similar, It seems importaht to emphasize,
however, that this does not mean that the "'mechanisms" underlying im-
pairment at both extremes are the same. As was pointed out in the in-
troduction to this report, the basis upon which ambient temnperature '
exerts its effects on performance may, logically, involve peripheral
sensory or motor changes, central perceptual changes, or some coma-
bination of these,

B. Machine De aign

, It is possible to overcome some of these limitations imposed -
upon human performance by environmantal conditions providing that :
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precise information is available regarding the nature of the limitations
and that this infsrmation is used by those concerned with the dewsign of
machines and equipment, Some of these possibilities have been referred
to already, but two general points deserve further emphasis,

Belore discussing these two points it will be well to make one
further comment on the temperature ranges for efficiant performance
as they have besan presented earlier in this report. It will be remembered
that these ranges were limited by the first signs of deterioration in per-
formances, For practical purposes of machine design they might be de-
fined differently, s.g., in terms of a teamperatnre and duration of ex- _
posure neceasary to produce a certain per cent decrement in performancas,
The limits as itated earlier are, in a sense, ideals which would have
to be re-asserssd in torms of the technical difficulties in achieving them,
It should sige'be emsphngized hare thal other environmental factors, e.g.,
air velocity, humidity, and radiant heat, operate with ambient tempers.
ture to produce the total effects in any particular situation, The final
information needed for —achine dosign should incorporate data on these
total efiects,

l.  Maintenance of Adequate Temperature Levels

Designing machines and equipment to rmaintain adequate
tempsrature levels can begin only when the temperature ranges of
efficient performance are known for the various types of skills which
military personnel are required to perform, With such information
available two general approaches tc solving the problem may be tiied,
The first involves the design of protective clothing which will main-
tain temperature within the critical range for as long a duration as -
possible and yet will interfere as little as possible with the sensory
and motor requirements for efficient performance., This suggests a
2-phase testing program for protective clothing: first, tests for effects
on basic skills under tumperature conditions which produce little sr no
impairment of performance without the clothing and, second, similar
tests under more extreme temperaiure conditions, These tests should
examine the possibiiity that training while wearing protective clothing
may significantly reduce the adverse effects caun‘ad by the clothing.

The second gensral approach to solviag the problem of
maintaining adequate temperature levels involves the design »f machines
on which man will be operating. One obvicus possibility lies in con-
trolling the tempera.ure of the work space, but this creates very serious
technical difficuities particularly when the space is not fixed bui must
be moved frequently, For instances dircuseions with design engineers
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have indicated the tremendous difficulties involved in attempting (o in-
sulate and heat the interior of a tank to mest the needs 2f operations in
sub-arctic climates, without changing ite silhouette and increasing very
significantly its production costs, It appears thal the possibility of
controlling the temperaturs of the work space deserves much more care-
ful considsration, Another possible approach to maintaining adeguate
tamperature levels is suggested by the results of the present study and
by pravious ressarch, For sxample, one study (6) of the efficiency of
Signal Corps operators in extreme cold, conducted at the USAMRL,
reported that ""Part of the effsct of cold on efficiency is related to the
discomfort produced, even through mittens, by ccntact with the cold
matal control handle," Instead of atternpting to heat or case the entire
work spaco it would appear well worthwhile to investigate more cornpletely
the {easibility of controlling tamperatures of surfaces which the operator
will be required to contact in parforming hie skills,

2: Ewlection of Control and Dieplay Bystems to Minimise
Tamparature Effacts

The results of the present study, particulariy when conr-
sidered in the light of information available concerning differences in
performance with various types of control and display systems, suggest
that certain systema may have significant advantages over others for
operations under sxtreme temperature conditions, For example, in
addition to having other advantages (17), pressure control appears to
be less afiscted than free movement control over a wider range of ambient
temperaturas, Further rejearch on performance under extrerne en-
vironmental conditions using various control and display systems may
provide information of considerable value in selacting a systern to meet
particular operational requirements,

Vi. SUMMARY AND CONCLUSIONS

There nuw has accumulated sufficiant information to indicate that man's
performance may be affected very significantlyby the atmospheric condi-
tions of the environment in which he operates, Variations in temperature
bothabove and below anoptimal range may impair his efficiency in "mental"
as well as physical work, Certain components of a skill may be affected
before others, The extent of the eifects may be influenced by the level
of the operator's akill, by the level of incentive under which he is per-
forming and by his previous acclimatization to his work environment, These
are matters of considerable practical importance in industry and, even to
a greater extent, in the military ssrvices where man may be required
to operate under the most sxtreme snvironmental conditions.
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In order to insure that man can be prepared to perform as efficleatly
as possible and that the machines he must operate are designed to maxi.
mize his efficiency, it is necessary to examine by systematic research
a wide variety of relations between environmental conditions and differ-
ent types of performance. Although some information is already availa-
ble, much further reseurch needs to be carried out., The present study
was designed to obtain information regarding the effects of umbient
temperatures ranging from -10° to +40° C on five different measures
of human performance: skill in using movement and pressure tracking
controls, tactile and kinesthetic sensitivitr, and strength of hand grip.
The 2 types of tracking controls have wide military and industrigl ap-
plications and the other 3 performances are basic to the operation of a
great number of machine systems, Systematic records were also kept
of the skin temperature of -the fingers and forsarm -under- mtroi snd
superiznenta’ sonditsns.

The research design reguired ke use of 12 iruaﬁ 6 subjecis
sach, The groups were divided inte 2 s4ts of £, one set using movemeant
and the other Fressure controis throughout their tracking performance.
All i2 groups were trequired 1o perform the various 1asks in & series
of ""cycles' during which performances were measured in the {ollowing
order: kinesthetic sensitivity, tactile seansitivity, hand grip and tracking.

- Two subjects from the same group were observed during a day's experi-

mental session, The morning began with general instructions regarding
the nature of the day's work, followed by 4 cycies of measurements,
Fxploratory studies had indicated tha: such preliminary training was
sufficient to eliminate practice effects as significant variables during

_the experiment proper, The latter began in the early aiternoon with
one cycle of ""control" measurements. This was followed by 4 cycles
" - of "experimental' mcasurements made at one of 6 ambient temperatures.
‘This was the anly phase of the rescarch in which the 6 groups of each

set ware given differenttreatments, otherwise they were all sud/is tod

to the same experimental conditions, One group in each set ywux suyosed
during this ghase to each of the following ambient temperatures: +40°,
+309, +20°, +10°, 0° and -10°. Immediatelyfoilowingthe experimental
series the subjects completed 2 further cycles under the same ambient
temperature conditions as during the control measurements., This final
phase of the research provided information on recovery {rom exposure
to the experimental temperatures. )

Seventy-two enlisted men in the United States Army served as
subjects, They were assigned to particular groups required by the
rescarch design purely on the basis of what experimental conditions
had been set up in the laboratory for the day on which they reported for
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work., Analysis of variance using measures rscorded during the
control series as indicative of pre-sxperimental levels of per-
formance indicate that the groups did not differ in their initial
periormance and, therefore, inter-group comparisons are justi-
fied,

The techniques for controlling ambient temperature and humidity
in the research reoms and for measuring the 5 different types of per-
formance have been described in detail in the main body of this report
and will not be repeated here. All except the techniques for measuring
the tracking skills had been used by ather research workers, but still
their reliabilities under the present operating conditions were examined
and found to be satisfactory, Skin temperaturas we:e recorded using
a Brown potentiometer and copper-constantan thermocouples,

The following resuits were obtained:

A, Temperature Ranges of Effective Performance

1, Certain performances, i,4,, kinesthetic sensitivity, both
averago and constant srrors, and pressure tracking, were significantly
impaired at the low end of the temperature range but not at the high
end, The other performances, i,e,, tactile sensitivity, hand grip, and
movement tracking, showed decrements at both ends, impairment being
greater at the low than at the high,

2, Tactile sensitivity was most susceptible to variations in
experimental temperatures, being impaired by changes on both sides
of an optimal point at +30° C,

3., Measures of hand grip and mbvemem tracking showed
decrements as the experimental temperatures iacreased or decreased
beyond the runge +10° to +30° C,

4. Kinesthetic sengitivity and pressure tracking showed nn
effects of changes of experimental temperatures within the range +209
to #4409 C, but were impaired as temperatures fell below +20° C,

B, Relations betwean Pezformance and Nuration of Exposure to .
Experimental Temperatures

1, The relations between ambient temperature and effective
performance just described were dependent upon the length of exposure
to the experimental temperatures,
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2, Movement and pressure tracking showed significant temper-
ature effects during the first cycle of the experimental series, i, e,,
after an exponure of approximately 14 mmutes. :

3. Tactile sensitivity was affected significantly du.rln; the
second cycle, i,e., after about 26 minutes exposure,

4, Sirength of hand grip showed its {irst s|gnificant effects V
during the third cyclo, approximately 46 minutes after exposure to the
experimental temperatures began, .

5, Neither measure of kinesthetic gensitivity was affected
until the fourth cycle, i.e,, after 58 minites exposure,

€. Recovery {rom sure 10 Dilferent Ainbieni. Temperatures

1. - Since recovery implicg previous impairment it would be
expacted that the most pronouriced evidence of recovery would be found
at the Z iowest oxperimental temperatures, which were shows (6 ¥
associated with the greatest impairment in all the periormancn studied,
The results supported this expectatisn, : :

: , /

2. There was evidence during the recovery period of improve.
ment in the performance of the hand grip and movemnent tracking tarks
for groups exposed to both higk and low ambient temperatures, Both

 these performances had shown significant impairment 21 the extreme
temperatures during the experimozrntal series of measurements.

3, The length of the recovery period was insufficient for all
performances except tactile sensitivity to regain their pre-experimental
levels. Tactile sensitivity was aifected after relatively short exposures
to the experimental temperatures and the evidence mdicaxu that it alse
recovered very rapidly,

D, Relations bntween Skin Temperature and Ambient Temperature

1. In general skin temperature of the fingers changed during
exposure to-the experimenias temperatuses, the only exceptior being
Group 2, at +309 C, The most striking changes were at -10° and 0° C,
.where there was rapid initial cooliug of the skin, icading to ievel off at
8° and 14° C, respectively, as length of exposure increased. At +40°C
the trend was in the opposite direction, skin temperature rising by
approximately 3 degroes at its maximum, During the recovery series
skin temperature returned toward 330 tr 34° C, its level during the
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control series. At the 2 coidest temparatures the rate of recovery was
rapid ut first, tending to decrease as duration of exposure to the temper-
ature of the recavery room increased, Tau correlations bstween armbient
temperatures and the final skin temperature readings for the preferred
and non-preferred hands were 0,96 and 0,92, respectively, Such high
correlations indicate that relations between the various performances
and skin temperature were similar to those between the performances
and ambient temperature as previously reported,

2. Despite the fact that the forearm was covered by protective
clothing thermocouples attached to-its ventral and dorsal surfaces re-
corded sipnif i qur o .igas during the experimental series in all temper-
aturs groups cxcept thore exposed to decreasing ambient temperatures.
Tau correlations batwac1 ambient temperature and the {inal skin tpmper-
sture readings of 'h= axurimenrsi series ware 0, 83 aad 0, 87 for ihs
dorsal and ventral su-faces, respectively, One feature of the forsarm
temperaturcs which a-sarves special note was the tendeacy at +10°, 09,
and -14% fo* the magmde of the differsaces hetween skin temperatures
of the 2 surfaces to in-rease consistently as length of exposure to tht
experimental temporatures increased,

E. Effectsof Contict with Metal Control Surfaces on Skin Temperaturs

1. Exan.ination of the duta shows that at the 2 lowest experi-
mental temperatures contact between the {ingers of the preferved hand
and the brass coni.nl garface during performance of the tracking task
had a systematic effec* on skin temperature, In all instances skin
temperatures of the preferred hand immaediately after release of the
control surface were lower than temperatures of the non-preferred hand
which had been supported free of contacts with any surfaces. Thia
lowering of skin temperature was always followedby a marked re-warming
of the preferred haud and then a cooling until re-warming took place,

2. This systematic cycle of evants did not ocur at tempera-
tures of +10° C and above, where the skin teamperature of the preferred
hand was fairly consistently higher than that of the non-preferred,

These results are of interest in 2 generul rogards, First
they add to cur knowledge concerning the effects of variations in ambient
temperature on huinan performance, They support ths general trends
of previous research in indicating that signs of impairment in performance
may appear when temperature varies outside rather narrow limits and
that certain characteristics of this impairment dilfer in difforont types
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of human performance, Thev show tha” different sense modalities are
differentially sensitive lo temperaturs variations in terms of the du-
rations of exposure nacessgary to produce signs of impairment and in
terms of the characteristics of their recovery following exposure,

Secondly, the results of the present research have pro-

‘vided inforfnation which can be of value in the design of machines and

squipment to maximige the efliciency with whick man-machine systems
can function under adverse atmospheric cornditions, Frequently im.
pairment in mar‘s per{grmance constitutas the main limitation of such
systemns, If steps are to be taken to rninimize this impairment certain
basic information about its nature and characteristics is essential, The
present research has provided such information about certain types of
human performance, It hus suggested ways in which different approaches
to maintaining adsquate leveis of temperature, 2,g,, protective clething,
huating the work space, locally heating control surfaces may be tested.
It also has indi-ated that some control and display systams may ba used
more efficiently than others under extreme temperature conditions,

The present ressurch conld be conterned mith only a few
of the many types of human performance required in military operations.
It has suggested the need for furthe. -ystematic investigations of a
similar nature, Such investigations should be designed to determine
relations batween environmental conditions and performance; including
ranges over which eificient performance can be expacted; to study the
effscts of duration of exposure on performance; and to observe. the
characteristics of recovery from eryposure, The environmental rariables
investigated sheould include humiditly, air veiocity and radiation as well
as ambient temmperature, and particular attention should be given to
the effects of interactions between these variabies. The performances
studincd should be representative of the wide variety of skills required
of military personnel and emphasis should be placed on the effects cf
the environmental variables on perceptual as we.. as miotor aspects of
performance, Diffsrent methods for overcoming the adverse effccis
of these envirormental variables should be put to experimental test,
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